
Discovery of thienoquinolone derivatives as selective and ATP 
non-competitive CDK5/p25 inhibitors by structure-based virtual 
screening

Arindam Chatterjeea, Stephen J. Cutlera, Robert J. Doerksena, Ikhlas A. Khanb, and John S. 
Williamsona,†

Stephen J. Cutler: cutler@olemiss.edu; John S. Williamson: mcjsw@olemiss.edu
aDepartment of Medicinal Chemistry, School of Pharmacy, University of Mississippi, MS, 38677

bNational Center for Natural Products Research, University of Mississippi, MS 38677

Abstract

Calpain mediated cleavage of CDK5 natural precursor p35 causes a stable complex formation of 

CDK5/p25, which leads to hyperphosphorylation of tau. Thus inhibition of this complex is a 

viable target for numerous acute and chronic neurodegenerative diseases involving tau protein, 

including Alzheimer’s disease. Since CDK5 has the highest sequence homology with its mitotic 

counterpart CDK2, our primary goal was to design selective CDK5/p25 inhibitors targeting 

neurodegeneration. A novel structure-based virtual screening protocol comprised of e-

pharmacophore models and virtual screening work-flow was used to identify nine compounds 

from a commercial database containing 2.84 million compounds. An ATP non-competitive and 

selective thieno[3,2-c]quinolin-4(5H)-one inhibitor (10) with ligand efficiency (LE) of 0.3 was 

identified as the lead molecule. Further SAR optimization led to the discovery of several low 

micromolar inhibitors with good selectivity. The research represents a new class of potent ATP 

non-competitive CDK5/p25 inhibitors with good CDK2/E selectivity.

Keywords

Alzheimer’s disease; CDK5/p25 inhibitor; ATP non-competitive; Virtual screening; E-
pharmacophore

1. Introduction

Alzheimer’s disease (AD) is one of the most dreaded forms of progressive 

neurodegenerative diseases of the modern era. According to a recent report, AD is identified 
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as the sixth leading causes of death in United States and is estimated to affect about 14 

million individuals by the year 2050.1 The only drugs available to address cognitive 

impairment are actylcholinesterase (ACh) inhibitors, such as aricept, exelon and razadyne. 

These drugs do not cure AD, but improve the cognitive functions by increasing the ACh 

levels in the neurons. Currently several other drugs with different pharmacological pathways 

are undergoing clinical trials in AD patients, such as γ-secretase inhibitors, β-secretase 

inhibitors and Aβ immune-modulators. Further research is still needed to find a cure for this 

unmet medical challenge.

The two main histopathological hallmarks have been identified in neurodegeneration leading 

to AD are the formation of amyloid senile plaques (SP) and neurofibrillary tangles (NFT).2 

SPs are extra-cellular and mainly composed of β-amyloid (Aβ) peptides, whereas intra-

cellular NFTs are considered to be the downstream products of the hyper-phosphorylated 

tau, a microtubule associated protein.2,3 One of the many mechanistic pathways leading to 

hyperphosphorylation of tau suggests the involvement of an atypical cyclin-dependent 

kinase (CDK), CDK5.4–6 CDK5 is a proline-directed serine/threonine kinase (STK), 

primarily expressed in the CNS and unlike its other mitotic counterparts, regulates neuronal 

development rather than cell division.7,8 Another major difference is that it does not require 

phosphorylation of the ‘T-loop’ to achieve an active conformation like other CDKs.7 CDK5 

is involved in post mitotic neuronal survival, migration and neurogenesis.9 The post mitotic 

neuronal expression requires its activation by non-cyclin activators p35 and p39. In the 

biochemical process, the membrane bound natural precursor p35 is cleaved by calpain to a 

longer lived cytosolic protein p25, leading to the formation of a hyperactive p25-CDK5 

complex.10 Such cleavage is reported as one of the key reasons for NFT formation leading 

to AD.4–6

Therefore inhibition of the p25-CDK5 complex is a viable target for AD, by blocking the 

hyperphosphorylation of tau and subsequent NFT formation. CDK5 deregulation is also 

indicated in other neurodegenerative diseases such as Huntington’s chorea, stroke, 

Parkinson’s disease, Lou Gehrig’s disease and neurological disorders like major depression 

and abuse.4,11–13 In non-neuronal systems it is indicated in the control of glucose 

metabolism in pancreatic beta cells14 and in tumorigenesis of the pancreas.15 All these 

therapeutic indications made it a very attractive target to investigate in depth.

We chose to design CDK5/p25 inhibitors as a target against neurodegeneration leading to 

AD. One of our major goals was to design CDK5/p25 inhibitors selective over CDK2. Since 

we were targeting neurodegeneration we wanted to avoid any undesired cell cycle mediated 

apoptotic effects of CDK2 inhibition. The task was very challenging, because the two 

kinases have very high levels of sequence homology (60%) and commonality in the number 

of residues (27 out of 29) in the ATP binding domains. The only two differing amino acid 

residues in the catalytic domain for CDK5 are Cys83 and Asp84, whereas for CDK2 these 

are Leu83 and His84.

Despite these similarities, selectivity was achieved previously by different research groups, 

utilizing the ligand-based structure-activity relationship (SAR) strategies, where the lead 
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compounds were identified by high throughput screening and optimized by docking into a 

homology model.16–18

The prospect of structure-based inhibitor design received a shot in the arm with the 

availability of X-ray crystal structures of CDK5/p25.7,19,20 The apo-protein structure (PDB 

id: 1H4L), which was in its active conformation showed no phosphorylation at T-loop 

(specifically at Ser159). The four other structures (PDB id: 1UNG, 1UNH, 1UNL and 

3O0G)19,20 have embedded ligands and all are crystallized from a mutant CDK5/p25 form 

in which Asp144 of the wild form was mutated with Asn144. Structures of the known 

ligands with available PDB ids are described in Figure 1. Even with the availability of the 

crystal structures, to-date only a few groups have utilized structure-based design using 

simple docking protocols to identify leads.21–23

Structure based virtual screening is a successful computational tool often used as 

complimentary to high throughput biological screening to identify hits.24,25 In view of the 

potential therapeutic importance and available crystal structures, CDK5/p25 is an attractive 

target for structure based inhibitor design. However, no prospective virtual screening studies 

have been reported to-date. A recent three dimensional quantitative structure-activity 

relationship (3D-QSAR) study26 has been reported aimed towards understanding the SAR 

requirements of previously disclosed CDK5/p25 inhibitors.27 Another recent virtual 

screening effort28 described the validity of the docking model of previously known 

inhibitors and it fell short of disclosing any new structural core. In our current research, an 

in-silico approach was used to identify novel selective CDK5/p25 inhibitors using structure-

based virtual screening. The computational approach was divided into four distinct 

segments: protein selection, primary screening, structure-based virtual screening and 

compound selection as described in the schematic representation (Figure 2). To identify de-

novo templates we decided to use structure based e-pharmacophore models29,30 coupled 

with a docking based virtual screening workflow to screen a commercially available 

database containing 2.84 million compounds with 4.28 million conformations. In this 

approach we further imposed a selectivity ratio constraint and subsequently used clustering 

and similarity analysis to identify 9 compounds. Based on the kinase data compound 10 was 

identified as the lead with a 0.3 LE and four-fold selectivity over CDK2/cyclin E. The lead 

showed non-competitive inhibition with ATP, whereas a truncated analog showed 

competitive inhibition. Further SAR development identified several additional analogs with 

selective and ATP non-competitive inhibition. The results provided the potential for 

exploring this new structural class of selective non-ATP competitive CDK5/p25 inhibitors in 

detail.

2. Results and Discussion

2.1. Protein preparation and selection

Several previous computational studies have explored the importance of water molecules in 

the active sites and showed that they were pivotal for ligand binding in virtual-screening 

frameworks.31,32 In this study, we explored the significance of water molecules in 

CDK5/p25 crystal structures (PDB id: 3O0G, 1UNL, 1UNG and 1UNH).19,20 We compared 

the docking scores of the co-crystallized ligands docked in the proteins having conserved 

Chatterjee et al. Page 3

Bioorg Med Chem. Author manuscript; available in PMC 2015 November 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



water molecules within 5Å of the ligand binding distances and proteins with removed water 

in the binding domain. The ligands showed better docking scores (GlideScores) with the 

water-bound forms (Table 1). We used the same analogy for the CDK2 protein structures 

and kept the highly conserved waters in the 5Å of their ligand binding domain.

Subsequently, an ensemble-docking of the CDK5/p25 crystal bound ligands was performed 

to find a suitable protein structure to be used for the virtual screening study. We found that 

in all cases; only the co-crystallized ligands were docked well with the originating proteins 

(see supporting information, Table T1). This made us decide that no single protein structures 

could be used to dock all the ligands and consequently we chose all four CDK5/p25 crystal 

structures for the virtual screening framework. On the other hand, the selection of CDK2 

protein structures were bit difficult, because of the presence of large number of protein 

structures in the PDB. We primarily looked for available CDK2 structures with a resolution 

of ≤ 2.5Å between the years of 1996–2011 and ended up with 148 hits. It was then narrowed 

down through similarity searching33 and hierarchical clustering34 to six structures (PDB id: 

1AQ1, 2W17, 1OIT, 2A4L, 2VTP and 1R78).35–40 While analyzing the data from 

ensemble-docking of these six co-crystallized ligands, we found that all six ligands docked 

well only with 2VTP (see supporting information, Table T2). Consequently 2VTP was 

chosen as the CDK2 protein for virtual screening workflow.

2.2. Primary screening and validation

For quick screening of a large database, we extracted the pharmacophoric features required 

for CDK5/p25 inhibition from the known x-ray structures (PDB id: 1UNL, 1UNH, 1UNG, 

3O0G)19,20 and derived e-pharmacophore models29,30 using Maestro.41 The structure-based 

pharmacophore model generated from 1UNL contained seven features: two hydrogen bond 

acceptors (A2, A4, red spheres), two hydrogen bond donors (D5, D6, blue spheres), one 

hydrophobic feature (H8, green sphere) and two ring aromatics (R11, R12, red rings) 

(Figure 3). Similarly, the pharmacophoric models were also generated from 1UNH as 

A3D4H8R10; from 1UNG as A1A2D5H6R8R9; and from 3O0G as A1A2D3D4R7R8 

(Figure 3).

These e-pharmacophore models were further refined by generating some additional models 

incorporating the true hydrogen bonding (H-bonding) interactions of the ligands as 

described in the PDB structures (1UNL, 1UNH, 1UNG, 3O0G). In total twelve hypotheses: 

five from 1UNL, two from 1UNH, three from 1UNG and two from 3O0G (see supporting 

information, Table T3) were created. The next goal was the validation of these twelve 

hypotheses to select a concise list for virtual screening study.

Hypotheses validation was achieved in two stages, first by building and screening a Phase 

database42 containing known CDK5/p25 inhibitors,18,20,43–59 followed by Glide docking60 

of the screened hits in CDK2 crystal structure (PDB id: 2VTP). We chose more precise XP- 

docking method for our purposes.61

For each hypothesis the compounds with relatively poor docking fit (GlideScores ≥ −5.0) in 

CDK2 structure and good experimental activity (IC50 ≥ 0.6 μM) in CDK5/p25 were 

selected. Finally we ranked order the hypotheses on the basis of number of hits (Figure 4). 
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One hypothesis from each of 1UNH, 1UNG and 3O0G and three from 1UNL were selected 

(Table 2) to screen the larger commercial database.62

2.3. Structure-based virtual screening

In our virtual screening study we used a database62 containing 2.84 million commercially 

available compounds with 4.28 million conformations. The conformations in the database 

were generated using ligprep,63 Phase42 and ADME (absorption, distribution, metabolism, 

and excretion) property screens.64 We used it as is without any further refinements.

As an initial step, we decided to screen the database using Phase based quick 

pharmacophore match65 with our selected six hypotheses as an alternative to the 

computationally exhaustive docking based virtual screening workflow.

These six sets of hits from the Phase pharmacophore match were docked into CDK2 crystal 

structure (PDB id: 2VTP) using XP Glide.60 In several previous studies GlideScores were 

used as a predictive tool to rank score compounds in virtual screening.61,66 We judiciously 

incorporated it in our scheme. We selected a cut-off CDK2 GlideScores ≥ −6.0 as a 

benchmark for compounds to be less active in CDK2. To understand this principle, a 

number > −6.0, say −5.0 will have relatively poor docking in the CDK2 crystal. Hence, 

predictively it will translate to poor activity in CDK2. With this threshold in place we 

selected a total of 21,284 potential low-CDK2-active compounds.

Compounds identified with the low CDK2 GlideScores were then docked into CDK5/p25 

crystal structures (PDB id: 1UNL, 1UNH, 1UNG, 3O0G) using XP Glide. The set of 

compounds identified from the initial Phase screening of 1UNG-hypotheses, docked in 

1UNG. Similar correlation went for the compounds identified from the other three protein-

generated hypotheses as well. We used a cut-off CDK5/p25 GlideScores ≤ −7.5 to identify 

compounds as potential CDK5/p25 active compounds. In principle, a number < −7.5, say – 

8.0 means better docking scores with predictively better CDK5 activity. Consequently, we 

identified 1741 potential CDK5/p25 selective compounds with poor CDK2 GlideScores (≥ 

−6.0) and good CDK5/p25 GlideScores (≤ −7.5). We further refined the selection of 

compounds by imposing a selectivity constraint (≥ 1.5) as defined below:

In total we identified 884 computationally defined active CDK5/p25 compounds with 

selectivity against CDK2.

2.4. Selection of compounds

The selected compounds were statistically analyzed by using 2-dimesional (2-D) Radial 

fingerprinting,67 in Canvas.68 The hierarchical clustering of the fingerprints identified 49 

diverse sets of clusters using Tanimoto similarity and Ward’s cluster linkage method.34 We 

eventually identified 62 compounds from these 49 diverse sets, and further optimized 

through a second round of 2-D fingerprinting and clustering to a group of 17 compounds. 
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Final selection of 9 compounds was done by knowledge based screening. These final 

selections along with the intermediate carboxylic acid (14) are depicted in Figure 5. The 

sources and the calculated properties such as, docking scores, physicochemical and ADME 

properties, like logP (octanol/water), log [brain]/[blood] (logBB); a predictor of a 

compound’s ability to cross blood-brain barrier and number of metabolic sites (#metab) 

calculated by QuikProp64 are listed in Table 3. The values of the intermediate carboxylic 

acid (14) were also calculated and included in Table 3. The log BB for a good oral CNS 

drug is usually between −3.0 and 1.0. All the selected compounds showed good predicted 

blood-brain barrier (BBB) permeability.

2.5. Biological evaluation

The nine compounds identified from the virtual screening were tested in a γ-33P ATP filter 

binding assay70,71 using full length hCDK5/p25 and hCDK2/E. The intermediate carboxylic 

acid (14) was also tested and shown to be active at 50 μM concentrations. The in-vitro 

potencies of the selected compounds are reported in Table 4.

It was observed that among the tested compounds 5, 7, 8 were equipotent in both the 

kinases, whereas compounds 9, 12 and 13 showed preferential activity towards CDK2/E. 

The success of the computational model was confirmed by the observed CDK5/p25 

selectivity of compounds 6, 10, 11 and 14.

We used 1 and 4 as the standards for the assay validation and found that both compounds 

showed sub-micromolar activities for CDK5/p25 as reported earlier,19,21 but showed 

selectivity towards CDK2/E.

Compound 10 showed a reasonably good potency for CDK5/p25 (IC50=7 μM, Ki = 3.38 

μM) with a calculated ligand efficiency72 (LE) of 0.3 and a moderate 4 fold selectivity over 

CDK2/E (IC50=25 μM). On the other hand, the carboxylic acid (14) showed moderate 

activity in CDK5/p25 (IC50=52 μM) and a marginal selectivity over CDK2/E (14% 

inhibition @ 50 μM concentration).

The modest selectivity of 10 can be explained by comparing its docking poses in the two 

enzymes. In CDK5/p25 it showed H-bonding interactions with Asp86 and Asn144 (Figure 

6A), whereas in CDK2, the only interaction was with a water molecule (represented by 

black dotted line in Figure 6B). Two other residues (Thr14 and Asp145) were within 3.5 Å 

distances (represented by red dotted line in Figure 6B), but they were only capable of 

producing very week H-bonding interactions with 10. The selectivity of the carboxylic acid 

(14) can be explained by its H-bonding interactions with Cys83 and Lys33 in CDK5/p25 

(Figure 6C) compared to the only interactions with Leu83 in case for CDK2 (Figure 6D). 

We used Pymol69 to represent the docking poses in Figure 6.

Virtual screening workflow and subsequent kinase assays identified a novel thieno[3,2-

c]quinolin-4(5H)-one derivative (10) with LE=0.3 and an intermediate (14) with moderate 

activity in the same series. This led us to choose 10 as the lead structure to proceed with its 

mechanistic evaluation and further SAR development. In the ATP competitive binding 

assay,71 10 showed non-competitive inhibition as represented by the unchanged IC50 values 
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with increased ATP concentrations (Figure 7A). The nature of the double-reciprocal 

(Lineweaver-Burke) plot in Figure 7B also reiterates the non-competitive binding. On the 

contrary when we tested the carboxylic acid (14), we observed competitive inhibition shown 

by both the ATP concentration curve and the Lineweaver-Burke plot (Figure 8A and B). The 

docking poses of the molecules as depicted in figure 6 can explain some of these 

observations. In the protonated form the 2-pyridine amide (10) showed a traditional 

backbone interaction with Asp86. But the additional deep pocket type-II interaction with 

Asn144 (Figure 6A) can explain its ATP non-competitive inhibition. On the other hand the 

carboxylic acid (14) failed to reach deep into the pocket and consequently showed 

competitive inhibition (Figure 6C). To further test this hypothesis we synthesized several 2- 

(ortho-) substituted analogs which resulted in this deep pocket interaction and we were 

pleased to observe the similar non-competitive inhibitions for these SAR compounds.

2.6. Chemistry and SAR

Our initial focus was to prepare the 2,4-diaminothiazole standard (4) and the virtual 

screening hits 5 and 10. The synthesis of 2,4-diaminothiazole derivative (4) was 

accomplished previously in three steps.22 We developed an efficient one-pot synthesis of 4 
(Scheme 1) from cyanamide, substituted phenyl isothiocyanate (15) and a β-halo 

acetophenone (16).73

The synthesis of 2-((4-((4-chlorophenyl)amino)-6-methoxy-1,3,5-triazin-2-yl)amino)ethanol 

(5) was effectively achieved by nucleophilic substitutions (SNAr) of 2,4-dichloro-6-

methoxy-1,3,5-triazine (17) successively with 4-chloroaniline and ethanolamine in one-pot 

(Scheme 2). The syntheses of 4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-carboxylic acid 

(14) was achieved in six steps by using a sequence of Friedel–Crafts, Vilsmeier–Haack, 

SNAr and cyclization reactions as previously described by our group (Scheme 3).74 We 

synthesized 10 by an activated ester coupling of 14 with 5-methylpyridin-2-amine.

The SAR compounds 24 and 25 were synthesized from the carboxylic acid (14) using 

convergent analog synthesis (Scheme 4).74 The methyl ester (24) was synthesized by 

reacting 14 with TMS-diazomethane. The syntheses of the amide derivatives (25) were 

achieved by reacting the acid chloride, generated in-situ with the corresponding amines.74 

We observed that a major byproduct (25w) was isolated in the reaction of the acid chloride 

with 2-aminopyridine (Scheme 4). In certain cases where the substituted amides contain 

Boc-protection (25h and 25j), the deprotection was carried out with HCl in dioxane to yield 

the HCl salts (25i and 25k). The free carboxylic acid derivatives (25s and 25u) were 

prepared by the saponification of the methyl esters (25r and 25t) with aqueous NaOH. 

Spectra of the known compounds were compared with the reported values.74 All the new 

compounds were characterized by 1H and 13C NMR, HRMS and the purities were 

determined by HPLC (see supporting information).

Compounds were tested in γ-33P ATP filter binding assay using full length hCDK5/p25 and 

hCDK2/E.70,71 The primary goal of the SAR was to improve the activity of CDK5/p25 and 

selectivity against CDK2/E. We also synthesized several analogs exploiting the probable 
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deep pocket H-bonding interactions to understand the ATP non-competitive binding as in 

10.

In the SAR effort we focused our emphasis mainly on the Cring substitutions as shown in 

Table 5. We utilized convergent analog synthesis to systematically explore different 

substitutions like esters, aliphatic amides, solubilizing groups, aromatic and hetero-aromatic 

amides.

The ester (24) and the simple aliphatic amide (25a) showed no significant activity either in 

the CDK5/p25 or in CDK2/E assays. The similar activity trend was observed in case for the 

aliphatic amides (25b–e) and the amides with water soluble groups (25f–k). The activity 

started to improve drastically as we started exploring aromatic amides (25l–u) indicating, 

requirement of the aromatic interactions for improved activity. We observed that the over-

extension of the aromatics with linkers (25p and 25q) caused disruption of aromatic 

interactions and resulted in inactive compounds. Comparing 25m and 25o, we observed an 

increased CDK2/E selectivity for 25o from 5 fold in case for 25m to >10 fold. This can be 

justified by the H-bonding of the ortho- F group in 25o with Asp86 which resulted in the 

deep pocket interaction of the thienoquinolone moiety as observed previously with 10. We 

prepared analogs 25r and 25s by exploiting this effect of H-boding interaction of the ortho- 

groups and we observed incresed selectivity for both compounds. 25s showed the best 

selectivity profile in the series with at least a >13-fold (no inhibition at 50 μM) selectivity 

and a low micromolar activity in CDK5/p25 (IC50 = 4.3 μM). Both 2-pyridyl compounds 

(25v and 25w) showed good activities in CDK5/p25 (for 25v IC50 = 4.3 μM; for 25w IC50 = 

3.8 μM), and the by-product thieno[3,2-c]quinoline (25w) showed much improved 

selectivty. These improvent of selectivities did not go beyond the ortho- substitutions. As we 

explored the 3- (meta-) substituted compounds (25n, 25t, 25u and 25x), none of the 

compounds provide improved selectivity. From this SAR studies we identified three 

compounds (25o, 25s and 25w) with low micromolar potencies and improved selectivities to 

study further in ATP competitive binding assay.71 All three of the compounds showed ATP 

non-competitive inhibition (see supporting information, Figure F1–3). The physicochemical 

and ADME properties, like logP (octanol/water), log [brain]/[blood] (logBB) and number of 

metabolic sites (#metab) calculated by QuikProp64 are listed in Table 6. These compounds 

showed very good virtual profile to be successful as CNS drug candidates with low 

metabolic liabilities.

These three most potent and selective compounds were screened for selectivity in several 

cell cycle and tau related serine/threonine and tyrosine kinases (Table 7). In general all three 

CDK5/p25 inhibitors showed selectivity against the cell cycle kinases, but 25o and 25s 
showed some promiscuity over few tau related kinases like GSK3α and GSK3β. The best 

selectivity profile was observed for 25w.

3. Conclusions

In summary, we used a virtual screening strategy to identify CDK5/p25 inhibitors with 

selectivity over CDK2/E. In this effort we utilized a unique combination of e-

pharmacophore based Phase screening and Glide docking with subsequent insertion of a 
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selectivity constraint to identify a thieno[3,2-c]quinolin-4(5H)-one lead (10) with 0.3 LE. 

The ATP non-competitive inhibition of 10 led us to develop further SAR exploration using 

convergent analog synthesis. Consequently we identified three low micromolar ATP non-

competitive CDK5/p25 inhibitors 25o, 25s and 25w with much greater CDK2/E selectivity. 

All three compounds showed good selectivity over cell cycle kinases, while 25w showed the 

best selectivity profile across the selected panel of cell cycle and tau related kinases. 

Biochemically, there are clear indications about the involvement of CDK5/p25 complex in 

the hyperphosphorylation of tau with the downstream formation of NFT leading to 

Alzheimer’s disease. The known kinase inhibitors selected to-date for evaluation in AD, 

such as R-(−) roscovitine, flavopiridol, indirubin-3′-oxime and kenpaullone showed lack of 

selectivity and are termed as pan-kinase inhibitors. Here we are reporting a novel series of 

compounds with ATP non-competitive CDK5/p25 inhibitions and selectivity over cell cycle 

kinases. Additionally, the good predicted BBB permeabilities, physicochemical properties 

and low metabolic liabilities generate real potential for the compounds to be evaluated in 

future research for developing a candidate for AD.

4. Experimental

4.1. Computational

4.1.1. General—All calculations were performed on a Linux workstation equipped with 

four parallel Intel Xenon X5460 processors (3.16 GHz) with 8GB total RAM.

4.1.2. Ligand Preparation—LigPrep63 was used to produce low energy 3D structures of 

compounds. The ionization/tautomeric states were generated using Epik. The chiralities of 

the compounds were retained from the original state. All the conformations were minimized 

using OPLS-2005 force field and at the most 32 conformations per ligands were generated.

4.1.3. Protein Preparation—Each protein crystallographic structure was loaded from the 

RCSB Protein Data Bank (PDB) and prepared by using Protein Preparation Wizard.75 For 

the dimer, the ligand bound fragment was selected for processing. It was then pre-processed 

by assigning the bond orders, added hydrogen, filled in the missing loops and the side chains 

using Prime. Waters were deleted beyond 5Å from the ligand and ionization/tautomeric 

states were generated at pH 7.0±4.0 using Epik. Subsequently the protein was refined by 

optimizing the hydrogen bonds (H-bonds) and the sample water orientations. Finally the 

Impref-minimization was carried out using OPLS 2005 force field.

4.1.4. Hypothesis generation—The initial pharmacophoric hypotheses were generated 

from the PDB structures using E-Pharmacophore.30 All the subsequent hypotheses were 

generated using Phase.65,76

4.1.5. Phase database generation—A database was generated from known CDK5/p25 

inhibitors,18,20,43–59 using Phase.42 The ligand conformations were generated by Phase 

ligand processing using the following protocol: i) different ionization/tautomeric states were 

generated at pH 7.0±2.0 using Epik and the high-energy states were removed; ii) 

stereochemical information was obtained from the 3D geometry of the ligands; iii) for 

unspecified stereocenters, 4 low-energy stereoisomers were retained; iv) for 5/6 membered 
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rings, up to 1 conformation per structure was retained; v) duplicate structures were skipped; 

vi) a maximum number of 100 conformers were generated per molecule and retained up to 

10 conformations per rotatable bond.

4.1.6. Phase Database Screening—Both the Phase databases (the database built from 

known CDK5/p25 inhibitors and the commercial database) were screened to find 

pharmacophore matches65,76 using existing conformers. For the known compound database, 

at the most 1 hit per molecule and 1000 hits in total were set to be returned. On the other 

hand, for the commercial database, the return limit was set at 1 hit per molecule and 10000 

hits in total. In both the cases, the hits with align scores >1.2, vector scores <-1.0 and 

volume scores <0.0 were rejected.

4.1.7. Ligand docking—All the docking calculations were performed with XP-Glide60,61 

and run in the Virtual Screening Workflow framework. The ligands were pre-processed 

using LigPrep. Docking grids were generated by Glide using the co-crystallized ligand at the 

center of the grid box. The compounds were docked flexibly by using penalization for non-

planar amide bond conformations and after docking kept 100% of the best compounds with 

all good scoring states.

4.1.8. Fingerprinting, Similarity and Clustering Analysis—The statistical analysis 

of the virtual screening hits were performed using Canvas68 in a sequential manner as 

follows: i) creation of fingerprints using Radial fingerprinting;67 ii) similarity analysis of the 

fingerprints were done using Tanimoto similarity;33 iii) hierarchical clustering by Ward’s 

cluster linkage method.34

4.2. Chemistry

4.2.1. General—1H and 13C NMR spectra were obtained on Bruker model AMX 500 and 

Avance 400 NMR spectrometers with standard pulse sequences, operating at 500 and 400 

MHz for 1H and 125 and 100 MHz for 13C. The residual DMSO-d6 solvent signals (DMSO-

d6: δH = 2.50 ppm and δC = 39.51 ppm) were used as internal reference. The chemical shifts 

(δ) were expressed in ppm. Multiplicities were described as singlet (s), doublet (d), triplet 

(t), multiplet (m) and broad resonance (br). The coupling constants (J) were expressed in Hz. 

High-resolution mass spectra (HRMS) were recorded on either a Bruker Daltonics micro-

TOF mass spectrometer or a Micromass Q-TOF Agilent G1969A mass spectrometer with 

electro spray ionization (ESI) interface. IR spectra were recorded using an Agilent model 

Cary 630 FT-IR.

R (−) roscovitine (1) was purchased from Enzo Life Sciences, (www.enzolifesciences.com). 

1-(4-(((4-chlorophenyl)thio)methyl)-6-hydroxypyrimidin-2-yl)-3-(4-

methoxyphenyl)guanidine (6) and 4-(4,6-dimethyl-2-(pyridin-2-yl)-1H-indol-3-yl)butanoic 

acid (11) were purchased from ChemBridge, (www.chembridge.com). N-(5-((2-oxo-2-(p-

tolylamino)ethyl)thio)-1,3,4-thiadiazol-2-yl)-3-phenylpropanamide (7), N-(3-(1H-pyrazol-1-

yl)propyl)-2-oxo-1,2,3,4-tetrahydroquinoline-6-sulfonamide (8) and 2-((4-((4-

methoxyphenyl)amino)pteridin-2-yl)amino)ethanol (12) were purchased from Ryan 

Scientific, Inc., (https://ryansci.com). 2-((3-(4-methoxybenzyl)-4-oxo-3,4-dihydropteridin-2-
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yl)thio)-N-(3-methyl-1H-pyrazol-5-yl)acetamide (9) and 2-((4-((3,4-

dimethylphenyl)amino)-1-phenyl-1H-pyrazolo[3,4- d]pyrimidin-6-yl)amino)ethanol (13) 

were purchased from ChemDiv, (www.chemdiv.com). All the purchased standards were 

characterized by 1H NMR and HRMS. The purity was checked by HPLC and have purity of 

>95%. Column chromatography was carried out on silica gel (70–230 mesh, Merck). TLC 

was performed on silica gel 60 F254 plates. All the anhydrous solvents were purchased in 

sure-seal® bottles from Aldrich. All the reagents were used without further purification 

unless otherwise noted. A Biotage® Initiator microwave was used for all microwave (MW) 

reactions. All the HPLC analysis were performed on Waters W2690/5, attached with a 996 

PDA detector, using X-tera C-18, 3×100 column and using a gradient system consisting of 

water (0.1% formic acid) and acetonitrile (0.1% formic acid).

4.2.2. (4-amino-2-((4-chlorophenyl)amino)thiazol-5-yl)(3-
nitrophenyl)methanone (4)—To a stirred suspension of cyanamide (0.0505g, 1.2 mmol) 

in 40 mL of CH3CN and KOtBu (0.135 g, 1.2 mmol) was added a solution of 4- 

chlorophenyl isothiocyanate (0.17 g, 1 mmol) in 5 mL of butanol. The mixture was stirred at 

ambient temperature for 30 min and a suspension of 2-bromo-3′-nitroacetophenone (16) (0.6 

g, 2.9 mmol) in 10 mL of CH3CN was added and stirred for 2h. The precipitated solid was 

triturated with water, extracted with EtOAC and layers were separated. The organics were 

extracted with saturated brine, dried over anhyd. Na2SO4, filtered, and purified on silica gel 

using CH2Cl2:EtOAc (8:2) to yield the title compound as a yellow solid (0.22 g, 59%). 1H 

NMR (400 MHz, DMSO) δ 11.02 (s, 1H), 8.45 (s, 2H, ex), 8.40 (s, 1H, ex), 8.35 (d, J = 8.3 

Hz, 2H), 8.14 (d, J = 7.5 Hz, 1H), 7.80 (t, J = 8.0 Hz, 1H), 7.68 (d, J = 8.3 Hz, 2H), 7.42 (d, 

J = 8.4 Hz, 2H). 13C NMR (100 MHz, DMSO) δ 179.42, 166.89, 166.27, 147.65, 142.74, 

138.35, 133.20, 130.35, 128.96, 127.03, 125.07, 121.41, 120.48, 92.22. HRMS (ESI-TOF) 

m/z calcd for C16H10ClN4O3S [M−H]− : 373.0162. Found: 373.0164. HPLC: retention time 

19.27 min; purity >99%.

4.2.3. 2-((4-((4-chlorophenyl)amino)-6-methoxy-1,3,5-triazin-2-yl)amino)ethanol 
(5)—To a stirred solution of 2,4-dichloro-6-methoxy-1,3,5-triazine (17) (0.4 g, 2.22 mmol) 

and Hunig’s base (0.43 g, 3.33 mmol) in 50 mL of CH2Cl2 at 0 °C was added 4-

chloroaniline (0.34 g, 2.66 mmol). The mixture was stirred at ambient temperature for 30 

min and a solution of ethanol amine (212 μL, 2.66 mmol) and Hunig’s base (0.43 g, 3.33 

mmol) in 40 mL of CH2Cl2 was added to the stirred reaction. The mixture was stirred for 8h 

and monitored by TLC. It was then concentrated in vacuo, diluted with EtOAc and extracted 

with saturated NaHCO3. The organics were extracted with saturated brine, dried over anhyd. 

Na2SO4, filtered, and purified over silica gel using CH2Cl2:EtOAc (8:2) to yield the title 

compound as a white solid (0.461 g, 70%). 1H NMR (400 MHz, DMSO) δ 9.79 – 9.40 (m, 

1H, ex), 7.77 (d, J = 8.7 Hz, 2H), 7.43 (brs, 1H), 7.31 (d, J = 8.7 Hz, 2H), 4.68 (d, J = 5.1 

Hz, 1H, ex), 3.81 (s, 3H), 3.61 – 3.44 (m, 2H), 3.42 – 3.33 (m, 2H). 13C NMR (100 MHz, 

DMSO) δ 170.36, 166.84, 165.10, 138.92, 128.23, 125.48, 121.15, 59.64, 53.58, 42.88. 

HRMS (ESI-TOF) m/z calcd for C12H13ClN5O2 [M−H]− : 294.0758. Found: 294.0783. 

HPLC: retention time 13.57 min; purity >99%.
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4.2.4. 5-Dihydrothieno[3,2-c]quinoline-2-carboxylic acid (14)—Synthesis of the 

carboxylic acid was achieved by our previously described procedure.74 1H NMR (400 MHz, 

DMSO-d6) δ 13.64 (s, 1H, ex), 11.86 (s, 1H, ex), 8.02 (s, 1H), 7.87 (d, J = 7.9 Hz, 1H), 7.53 

(t, J = 7.6 Hz, 1H), 7.41 (d, J = 8.4 Hz, 1H), 7.24 (t, J = 7.6 Hz, 1H). 13C NMR (100 MHz, 

DMSO- d6) δ 162.52, 157.78, 149.48, 137.14, 133.88, 130.94, 130.77, 130.27, 123.92, 

122.65, 116.38, 115.60. FTIR νmax (cm−1): 3090, 2983, 2067, 1685, 1644, 1587, 1541, 

1404, 1159, 839, 743. HRMS (ESI-TOF) m/z calcd for C12H8NO3S [M+H]+: 246.0225. 

Found: 246.0244. HPLC: retention time 12.58 min; purity >99%.

4.2.5. N-(5-methylpyridin-2-yl)-4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-
carboxamide (10)—To a stirred suspension of 5-dihydrothieno[3,2-c]quinoline-2-

carboxylic acid (14) (0.18 g, 0.73 mmol) in 10 mL of DMF was added HBTU (0.279 g, 0.73 

mmol) and Hunig’s base (0.472 g, 3.65 mmol). The mixture was stirred at ambient 

temperature for 30 min and a solution of 5-methylpyridin-2-amine (0.118g, 1.1 mmol) in 2 

mL of DMF was added to the reaction mixture. The mixture was stirred for 8h and 

monitored by TLC. It was then concentrated in vacuo to a slurry, filtered through a Strata™ 

X-C pre-packed column and purified over silica gel using CH2Cl2:MeOH with 1% NH3 

(95:5) to yield the title compound as a white solid (0.083 g, 34%). 1H NMR (400 MHz, 

DMSO) δ 11.83 (s, 1H, ex), 11.20 (s, 1H, ex), 8.75 (s, 1H), 8.25 (s, 1H), 8.03 (d, J = 8.4 Hz, 

1H), 7.92 (d, J = 7.9 Hz, 1H), 7.67 (d, J = 8.4 Hz, 1H), 7.55 (t, J = 7.7 Hz, 1H), 7.43 (d, J = 

8.3 Hz, 1H), 7.26 (t, J = 7.6 Hz, 1H), 2.29 (s, 3H). 13C NMR (125 MHz, DMSO) δ 159.79, 

157.93, 149.41, 148.80, 147.78, 138.92, 138.49, 136.97, 131.53, 130.57, 129.05, 127.65, 

124.02, 122.60, 116.32, 115.66, 114.46, 17.30. HRMS (ESI-TOF) m/z calcd for 

C18H14N3O2S [M+H]+: 336.0807. Found: 336.0818. HPLC: retention time 14.29 min; 

purity >99%.

4.2.6. Methyl 4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-carboxylate (24)—The 

methyl ester was synthesized by our previously described procedure.74 1H NMR (400 MHz, 

DMSO-d6) δ 11.91 (s, 1H), 8.08 (s, 1H), 7.91 (d, J = 7.9 Hz, 1H), 7.56 (t, J = 7.6 Hz, 1H), 

7.42 (d, J = 8.2 Hz, 1H), 7.26 (t, J = 7.0 Hz, 1H), 3.90 (s, 3H). 13C NMR (125 MHz, 

DMSO-d6) δ 161.51, 157.72, 149.83, 137.28, 131.71, 131.10, 130.91, 124.09, 122.79, 

116.46, 115.47, 52.85. HRMS (ESI-TOF) m/z calcd for C13H8NO3S [M−H]− : 258.0225. 

Found: 258.0234. HPLC: retention time 14.60 min; purity >99%.

4.2.7. General procedure for synthesis of carboxamides (25)—To a stirred 

suspension of 5-dihydrothieno[3,2-c]quinoline-2-carboxylic acid (14) (0.025g, 0.1 mmol) in 

5 mL of CH2Cl2 was added oxalyl chloride (0.02 g, 0.15 mmol) and 2 drops of DMF. The 

reaction mixture was stirred for 2h and then concentrated in vacuo. The dried suspension of 

the acid chloride in 10 mL of CH2Cl2 was added to a stirred solution of the respective 

amines (0.03 mmol) and Hunig’s base (in 5 mL of CH2Cl2) and the reaction mixture was 

stirred for 12h. It was then concentrated to dryness and purified by column chromatography 

on silica gel using CH2Cl2:MeOH with 1% NH3 (95:5) to give the target compounds. 25r, 

25t, 25v, 25w, 25x are described for the first time, whereas 25a–h, 25j and 25l–q were 

synthesized following our previously described methodology.74
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4.2.7.1. Methyl 2-(4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-carboxamido)benzoate 
(25r): Yield: 88% of a white solid. 1H NMR (400 MHz, DMSO) δ 11.85 (s, 1H, ex), 11.60 

(s, 1H, ex), 8.35 (d, J = 8.4 Hz, 1H), 8.26 (s, 1H), 8.00 (d, J = 7.9 Hz, 1H), 7.93 (d, J = 7.9 

Hz, 1H), 7.68 (t, J = 8.0 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H), 7.44 (d, J = 8.3 Hz, 1H), 7.28 (t, 

J = 7.7 Hz, 2H), 3.93 (s, 3H). 13C NMR (100 MHz, DMSO) δ 167.69, 158.93, 157.74, 

148.81, 138.98, 136.92, 133.95, 131.16, 130.58, 125.83, 123.87, 122.60, 121.41, 118.25, 

116.30, 115.52, 52.50. HRMS (ESI-TOF) m/z calcd for C20H13N2O4S [M−H]− : 377.0596. 

Found: 377.0595. HPLC: retention time 18.32 min; purity >99%.

4.2.7.2. Methyl 3-(4-oxo-4,5-dihydrothieno[3,2- c]quinoline-2-carboxamido)benzoate 
(25t): Yield: 55% of a white solid. 1H NMR (400 MHz, DMSO) δ 11.84 (s, 1H, ex), 10.75 

(s, 1H, ex), 8.66 (s, 1H), 8.44 (s, 1H), 8.11 (d, J = 8.3 Hz, 1H), 7.93 (d, J = 7.9 Hz, 1H), 7.71 

(d, J = 7.7 Hz, 1H), 7.61 – 7.49 (m, 2H), 7.45 (d, J = 8.3 Hz, 1H), 7.27 (t, J = 7.6 Hz, 1H), 

3.88 (s, 3H). 13C NMR (100 MHz, DMSO) δ 166.01, 159.57, 158.01, 148.77, 138.98, 

136.97, 131.39, 130.63, 130.12, 129.28, 127.12, 124.45, 124.05, 122.70, 120.57, 116.40, 

115.70, 52.23. HRMS (ESI-TOF) m/z calcd for C20H13N2O4S [M−H]− : 377.0596. Found: 

377.0596. HPLC: retention time 17.34 min; purity >99%.

4.2.7.3. 4-Oxo-N-(pyridin-2-yl)-4,5-dihydrothieno[3,2-c]quinoline-2-carboxamide (25v): 
Yield: 30% of a white solid. 1H NMR (500 MHz, DMSO) δ 11.84 (s, 1H, ex), 11.29 (s, 1H, 

ex), 8.79 (s, 1H), 8.44 (d, J = 3.3 Hz, 1H), 8.15 (d, J = 8.3 Hz, 1H), 7.95 (d, J = 7.9 Hz, 1H), 

7.87 (t, J = 7.8 Hz, 1H), 7.57 (t, J = 7.8 Hz, 1H), 7.45 (d, J = 8.2 Hz, 1H), 7.28 (t, J = 7.5 

Hz, 1H), 7.24 – 7.17 (m, 1H). 13C NMR (125 MHz, DMSO) δ 160.02, 157.94, 151.64, 

148.94, 148.04, 138.76, 138.19, 137.01, 131.54, 130.64, 127.91, 124.06, 122.64, 120.06, 

116.35, 115.65, 114.92. HRMS (ESI-TOF) m/z calcd for C17H10N3O2S [M−H]− : 320.0494. 

Found: 320.0498. HPLC: retention time 11.52 min; purity >99%.

4.2.7.4. 4-chloro-N-(pyridin-2-yl)thieno[3,2-c]quinoline-2-carboxamide (25w): Yield: 

23% of a white solid. 1H NMR (400 MHz, DMSO) δ 11.55 (s, 1H, ex), 9.04 (s, 1H), 8.45 (d, 

J = 4.5 Hz, 1H), 8.35 (d, J = 8.0 Hz, 1H), 8.19 (d, J = 8.3 Hz, 1H), 8.10 (d, J = 8.3 Hz, 1H), 

7.88 (t, J = 7.6 Hz, 2H), 7.78 (t, J = 7.5 Hz, 1H), 7.22 (dd, J = 7.3, 4.8 Hz, 1H). 13C NMR 

(100 MHz, DMSO) δ 159.79, 151.59, 148.23, 148.10, 145.44, 143.24, 141.03, 138.32, 

131.78, 130.77, 128.94, 128.32, 126.16, 124.10, 122.53, 120.21, 114.78. HRMS (ESI-TOF) 

m/z calcd for C17H9ClN3OS [M−H]− : 338.0155. Found: 338.0158. HPLC: retention time 

18.97 min; purity >97%.

4.2.7.5. 4-oxo-N-(pyridin-3-yl)-4,5-dihydrothieno[3,2-c]quinoline-2-carboxamide (25x): 
Yield: 41% of a white solid. 1H NMR (400 MHz, DMSO) δ 11.83 (s, 1H, ex), 10.74 (s, 1H, 

ex), 8.95 (s, 1H), 8.64 (s, 1H), 8.34 (d, J = 4.6 Hz, 1H), 8.19 (d, J = 8.3 Hz, 1H), 7.94 (d, J = 

7.9 Hz, 1H), 7.56 (t, J = 7.7 Hz, 1H), 7.49 – 7.38 (m, 2H), 7.28 (t, J = 7.5 Hz, 1H). 13C 

NMR (125 MHz, DMSO) δ 159.78, 158.02, 148.85, 144.88, 141.75, 138.66, 137.01, 135.28, 

131.37, 130.74, 127.31, 127.21, 124.10, 123.68, 122.76, 116.45, 115.69. HRMS (ESI-TOF) 

m/z calcd for C17H10N3O2S [M−H]− : 320.0494. Found: 320.0502. HPLC: retention time 

10.97 min; purity >99%.
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4.2.8. Representative procedures for the synthesis of 25i and 25k

4.2.8.1. N-(2-aminoethyl)-4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-carboxamide (25i): 
To a stirred suspension of tert-butyl (2-(4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-

carboxamido)ethyl)carbamate (25h) (0.03g, 0.075 mmol) in 5 mL of CH2Cl2 was added 4M 

HCl in dioxane (500 μL) and the mixture was stirred for 8h at ambient temperature. The 

precipitated solid was filtered, washed with Et2O and dried under vacuum to yield the title 

compound as a white solid (0.024 g, 96%). 1H NMR (400 MHz, DMSO) δ 9.08 (s, 1H, ex), 

8.35 (s, 1H), 7.90 (d, J = 8.0 Hz, 2H, 1 ex), 7.54 (t, J = 7.9 Hz, 1H), 7.44 (d, J = 8.4 Hz, 1H), 

7.26 (t, J = 7.8 Hz, 1H), 3.65 – 3.41 (m, 2H), 3.00 (t, J = 6.6 Hz, 2H). 13C NMR (125 MHz, 

DMSO) δ 161.18, 157.93, 147.95, 138.85, 136.84, 131.21, 130.40, 126.18, 123.83, 122.61, 

116.34, 115.71, 38.45, 37.13. HRMS (ESI-TOF) m/z calcd for C14H12N3O2S [M−H]− : 

286.0650. Found: 286.0644. HPLC: retention time 8.46 min; purity >99%.

4.2.8.2. N-(3-aminopropyl)-4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-carboxamide 
(25k): Yield: 92% of a white solid. 1H NMR (400 MHz, DMSO) δ 11.82(s, 1H, ex), 9.03 (s, 

1H, ex), 8.33 (s, 1H), 8.06 – 7.70 (d, J = 7.9 Hz, 2H, 1 ex), 7.53 (t, J = 7.7 Hz, 1H), 7.44 (d, 

J = 8.3 Hz, 1H), 7.25 (t, J = 7.5 Hz, 1H), 3.43 – 3.33 (m, 2H), 2.86 (t, J = 6.7 Hz, 2H), 1.90 

– 1.76 (m, 2H). 13C NMR (125 MHz, DMSO) δ 160.83, 157.97, 147.91, 139.23, 136.82, 

131.27, 130.39, 125.69, 123.84, 122.64, 116.36, 115.76, 36.45, 36.06, 27.20. HRMS (ESI-

TOF) m/z calcd for C15H14N3O2S [M−H]− : 300.0807. Found: 300.0812. HPLC: retention 

time 8.71 min; purity >99%.

4.2.9. Representative procedures for the synthesis of 25s and 25u

4.2.9.1. 2-(4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-carboxamido)benzoic acid (25s): 
To a stirred suspension of methyl 2-(4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-

carboxamido)benzoate (25r) (0.025g, 0.066 mmol) in 5 mL of MeOH was added 1 M NaOH 

(1 mL) and the mixture was stirred for 30 min at ambient temperature. It was then quenched 

with 10% HCl. The precipitated solid was filtered, washed successively with H2O and Et2O 

and dried under vacuum to yield the title compound as a white solid (0.022 g, 92%). 1H 

NMR (400 MHz, DMSO) δ 13.87 (s, 1H, ex), 12.48 (s, 1H, ex), 11.91 (s, 1H, ex), 8.51 (d, J 

= 8.3 Hz, 1H), 8.19 (s, 1H), 8.06 (d, J = 7.8 Hz, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.66 (t, J = 

8.0 Hz, 1H), 7.57 (t, J = 7.9 Hz, 1H), 7.45 (d, J = 8.3 Hz, 1H), 7.32 – 7.19 (m, 2H). 13C 

NMR (125 MHz, DMSO) δ 169.47, 158.52, 157.44, 148.48, 139.75, 138.71, 136.64, 133.74, 

130.86, 130.36, 125.25, 123.62, 123.03, 122.34, 119.88, 117.10, 116.04, 115.24. HRMS 

(ESI-TOF) m/z calcd for C19H11N2O4S [M−H]− : 363.0440. Found: 363.0443. HPLC: 

retention time 17.36 min; purity >99%.

4.2.9.2. 3-(4-oxo-4,5-dihydrothieno[3,2-c]quinoline-2-carboxamido)benzoic acid (25u): 
Yield: 71% of a white solid. 1H NMR (400 MHz, DMSO) δ 13.04 (s, 1H, ex), 11.86 (s, 1H, 

ex), 10.74 (s, 1H, ex), 8.67 (s, 1H), 8.42 (s, 1H), 8.08 (d, J = 8.1 Hz, 1H), 7.95 (d, J = 7.9 

Hz, 1H), 7.70 (d, J = 7.7 Hz, 1H), 7.61 – 7.41 (m, 3H), 7.28 (t, J = 7.6 Hz, 1H). 13C NMR 

(125 MHz, DMSO) δ 167.05, 159.52, 158.00, 148.71, 139.08, 138.80, 136.96, 131.36, 

130.61, 129.03, 127.05, 124.67, 124.08, 122.69, 120.86, 116.39, 115.70. HRMS (ESI-TOF) 

m/z calcd for C19H13N2O4S [M+H]+: 365.0596. Found: 365.0591. HPLC: retention time 

15.41 min; purity >99%.

Chatterjee et al. Page 14

Bioorg Med Chem. Author manuscript; available in PMC 2015 November 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



4.3. Biological Assays

4.3.1. CDK5/p25 and CDK2/E assays—Compounds were tested in a γ-33P ATP filter 

binding assay using full length hCDK5/p25 and hCDK2/E at Reaction biology Corp. 

(www.reactionbiology.com)70,71 according to their standard protocol. Initially all the 

compounds were screened at 50 μM concentration with an ATP concentration of 10 μM. The 

compounds with >50% inhibition were rescreened at ATP Km concentrations (30 μM for 

CDK5/p25 and 65 μM for CDK2/E). At least two independent experiments were performed 

to generate the average values for the % inhibitions or IC50s (generated from the dose-

response curves).

4.3.2. ATP competitive binding assay—ATP competitive binding assays were 

performed at Reaction Biology Corp. (www.reactionbiology.com)71 according to their 

standard procedure.

4.3.3. Kinase selectivity assays—The selectivity profile was evaluated against a short 

and diverse panel of 14 different serine/threonine and tyrosine kinases at ATP-Km 

concentrations according to the standard protocol of Reaction Biology Corp. 

(www.reactionbiology.com).71 The % inhibition assays were performed @ 20 μM 

compound and ATP-Km concentrations. At least two independent experiments were 

performed to generate the average values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Examples of known CDK5/p25 inhibitors with Protein Data Bank id (PDB id)
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Figure 2. 
In-silico scheme for virtual screening study
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Figure 3. 
E-pharmacophoric features of 1UNG, 1UNH, 1UNL and 3O0G
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Figure 4. 
Hypotheses rank order
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Figure 5. 
Compounds selected from virtual-screening study and intermediate 14
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Figure 6. 
H-bonding interactions of 10 and 14 with CDK5/p25 (A, C) and CDK2 (B, D). (generated 

with Pymol.69)
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Figure 7. 
IC50 curves (A) and Lineweaver-Burk Plot (B) of 10 in CDK5/p25 at different ATP 

concentrations.
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Figure 8. 
IC50 curves (A) and Lineweaver-Burk Plot (B) of 14 in CDK5/p25 at different ATP 

concentrations.
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Scheme 1. 
One-pot synthesis of 2,4 diaminothiazole derivative (4). Reagents and conditions: (i) 

Cyanamide, KOtBu, ACN, t-BuOH, 30 °C, 2 h, 59%.
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Scheme 2. 
One-pot synthesis of triazine derivative (5). Reagents and conditions: (i) 4-Chloroaniline, 

iPr2NEt, DCM, 30 °C, 15 min; (ii) Ethanolamine, 30 °C, 5 h, 70%
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Scheme 3. 
Synthesis of 10 and 14. Reagents and conditions: (i) Diethylmalonate, cat. DMF, 140 °C, 8 

h, 95%; (ii) PPA, 150 °C, 3 h, 70%; (iii) Triethyl orthoformate, ethylene glycol, mw, 145 °C, 

20 min, 82%; (iv) POCl3, DMF, 8 h, 90%; (v) Ethyl 2-mercaptoacetate, K2CO3, anhyd 

EtOH, 80 °C, 3 h, 88%; (vi) LiOH, MeOH, H2O, 12 h, 96%; (vii) 5-Methylpyridin-2-amine, 

HBTU, iPr2NEt, DMF, 30 °C, 12 h, 43%.
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Scheme 4. 
Convergent syntheses of 25a–h, j, l–r, t, v–x. Reagents and conditions: (i) TMS 

diazomethane, CH2Cl2, MeOH, 81%; (ii) Oxalyl chloride, CH2Cl2, 3h, 0–30°C; (iii) 

Amines, Hunig’s base, CH2Cl2, 8h, 23–86%; (iv) 2-aminopyridine, Hunig’s base, CH2Cl2, 

8h, 23–30%.
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Table 1

XP-docking scores of ligands in proteins with and without water

CDK/p25 protein structures Status of water in the active sites Glide scores

3O0G
Water bound − 10.570

No water − 9.925

1UNL
Water bound − 9.968

No water − 9.554

1UNG
Water bound − 9.208

No water − 8.419

1UNH
Water bound − 8.263

No water − 7.441
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Table 2

Selection of Hypotheses

Selected Hypotheses Pharmacophore Features

1UNG-hypo 3 A2D5R8R9

1UNH-hypo 1 A3D4H8R10

1UNL-hypo 1 A2D5D6R11R12

1UNL-hypo 2 A2D6H8R11R12

1UNL-hypo 3 A2A4H8D6R11R12

3O0G-hypo 2 A1A2D3D4R7R8
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Table 4

In-vitro CDK5/p25 and CDK2/E assay

Compound # CDK5/p25 % inhibitiona @ 50 
μM CDK2/E % inhibitiona @ 50 μM CDK5/p25 IC50 (μM)b CDK2/E IC50 (μM)b

5 20.0 24.2

6 43.1 32.3

7 23.6 29.9

8 12.7 14.8

9 25.2 38.7

10 88.2 77.0 7.02 25.8

11 17.2 8.0

12 48.3 58.2 107 81.7

13 14.7 5.3

14 64.8 23.5 52.1 14.5% inhc

1 0.188 0.028

4 0.655 0.417

a
At least two independent experiments were performed to generate the average numbers @ 10 μM ATP and 50 μM compound concentrations

b
Assays were performed @ ATP (Km) concentrations of 30 μM for CDK5/p25 and 65 μM for CDK2/E and at least two independent experiments 

were performed to generate the average values

c
% inhibitions were generated @ 50 μM compound and ATP Km concentrations
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Table 6

Calculated properties of 25o, 25s and 25w

Compound # Molecular weight LogP (o/w) LogBB # Metab

25o 356.346 3.202 −0.588 2

25s 364.375 2.204 −1.655 3

25w 339.798 3.79 −0.182 3
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Table 7

Selectivity profile (% inhibition at 20 μM)a of 25o, 25s and 25w

Kinases 25o 25s 25w ATP Km (μM)

CDK1/B 56 No inhibition 35 5

CDK2/A 58 50 45 10

CDK2/E 27 5 6 65

CDK4/D1 8 No inhibition No inhibition 90

CDK6/D1 26 No inhibition No inhibition 30

CK1a1 22 41 19 10

DYRK1/DYRK1A 12 23 4 30

GSK3α 65 79 22 30

GSK3β 53 81 41 5

KDR/VEGFR2 95 88 44 30

PKA 3 89 No inhibition 20

PKCα 8 No inhibition 1 10

PKCε 32 7 4 35

WEE1 11 No inhibition 2 50

a
Assays were performed @ ATP (Km) concentrations and at least two independent experiments were performed to generate the average values
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